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ABSTRACT: The ability to monitor the chemical composition of
brain interstitial fluid remains an important challenge in the field of
bioanalytical chemistry. In particular, microelectrode biosensors are a
promising resource for the detection of neurochemicals in interstitial
fluid in both animals and humans. These biosensors can provide
second-by-second temporal resolution and enzymatic recognition of
virtually any redox or nonredox molecule. However, despite
miniaturization of these sensors to 50−250 μm in diameter to avoid
vascular and cellular injury, inflammation and foreign-body reactions
still occur following their implantation. Here, we fabricated micro-
electrodes with platinized carbon fibers to create biosensors that have
an external diameter that is less than 15 μm. Platinization was achieved
with physical vapor deposition, and increased sensitivity to hydrogen
peroxide and improved enzymatic detection were observed for these carbon fiber microelectrodes. When these devices were
implanted in the brains of rats, no injuries to the parenchyma or brain blood vessels were detected. In addition, these
microelectrodes provided different estimates of basal glucose, lactate, and oxygen concentrations compared to conventional
biosensors. Induction of spreading depolarization in the cerebral cortex further demonstrated the greater sensitivity of our
microelectrodes to dynamic neurochemical changes. Thus, these minimally invasive devices represent a major advance in our
ability to analyze brain interstitial fluid.

■ INTRODUCTION

Analyses of brain interstitial fluid can reveal important
neurochemical information about the pathophysiological
state of the brain. In the clinic or in laboratory animals, the
ability to detect extracellular concentrations of brain energy
metabolites such as glucose, lactate, and pyruvate over time
can help detect specific patterns of brain injury.1 In addition,
activation of neuronal networks that lead to a synaptic or
extrasynaptic release of neurotransmitters can be detected in
interstitial fluid. Estimates of extracellular concentrations of
neurochemicals that are provided by implantable devices, such
as microdialysis probes or microelectrodes, are usually more
accurate than those obtained with optical or spectroscopic
techniques. However, probe size and local injury due to
implantation are key parameters for obtaining reliable
measurements in vivo.2 In particular, rupture of brain
capillaries during probe implantation represents a major
trigger for inflammation and a foreign-body response.3

The ability to construct carbon fiber microelectrodes to
detect electroactive neurotransmitters has significantly con-
tributed to our understanding of the dopamine system and its
implications in regard to reward and addiction conditions.4−8

In particular, the small diameter of these microelectrodes
(approximately 7 μm) makes them suitable for interstitial fluid
analyses. However, electrochemical analysis using carbon fiber
microelectrodes is currently limited to the detection of
endogenous redox molecules such as dopamine or serotonin.4

Microelectrode biosensors can extend the range of molecules
amenable to electrochemical detection by using oxidase
enzymes for molecular recognition of nonredox neuro-
transmitters and metabolites. Typically, oxidases oxidize
their substrate while consuming O2 and producing hydrogen
peroxide (H2O2). Hence, most microelectrode biosensors for
brain analysis are based on platinum (Pt) electrodes that
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monitor H2O2 produced by an enzyme. Unfortunately, the
size of these Pt microelectrodes is quite large, on the order of
50−250 μm. As a result, their implantation in brain
parenchyma can injure blood vessels, cause diffusion of
serum albumin and monocytes into brain tissue, and initiate
an inflammatory reaction that can lead to a foreign-body
reaction.3 Over an extended period of time, these reactions
can have disastrous consequences. However, even within the
first hour after implantation, local brain tissue neurochemistry
can be affected.
In general, carbon is poorly suited for H2O2 oxidation.

However, electrodeposition of Pt on the surface of carbon
fibers has been performed to obtain microelectrodes that are
sensitive to H2O2.

9−11 Unfortunately, the lifetime of such Pt
deposits is usually only a few hours. Alternatively, Pt can be
readily deposited on large silicon or ceramic planar surfaces by
using a physical vapor deposition method. To date, such
processes have undergone only limited testing on smaller
cylindrical-shaped objects. Therefore, here we examined the
feasibility of platinizing 7 μm diameter carbon fibers with
physical vapor deposition to obtain minimally invasive
microelectrode biosensors. We tested these devices in vivo
to examine their ability to detect O2, glucose, and lactate in
brain tissues. In addition, we examined the ability of these
smaller probes to measure extracellular concentrations of
neurochemicals in brain tissue. The neurochemical data
obtained were compared with the data obtained with
conventional platinum wire microelectrodes (80−90 μm
diameter). We also characterized the response of our smaller
microelectrode biosensors to spreading depolarization (SD) in

the cortex. SDs are waves of nearly complete depolarization of
neurons and glial cells that travel through the cortex at a
typical speed of 2−4 mm min−1.12 This phenomenon induces
massive metabolic demand in brain tissue, which is
correspondingly accompanied by rapid changes in oxygen,
glucose, and lactate concentrations. The latter provides an
ideal physiological condition under which to test the in vivo
performance of bioanalytical devices.13

■ RESULTS AND DISCUSSION
Carbon Fiber Platinization. For the improvement of the

sensitivity of H2O2 detection by carbon fibers, a 100 nm
platinum (Pt) catalytic layer was deposited onto carbon fibers
using evaporation deposition. For carbon fiber platinization,
different materials were evaluated for their capacity to provide
an adhesion layer prior to deposition of Pt. These materials
included titanium (Ti; n = 19), chromium (Cr; n = 47), and
aluminum oxide (Al2O3/Cr; n = 13). On some carbon fibers,
the adhesion layer was omitted (n = 11). Scanning electron
microscopy showed that all these methods allowed a
successful deposition of Pt. The platinized carbon fibers
exhibited a uniform Pt layer that fitted the underlying striate
structure of the original carbon fiber (Figure 1A). This layer
was stable and was observed several days after platinization.
Moreover, platinization via physical vapor deposition created a
rough Pt surface with a potentially larger active surface than
that of solid Pt/iridium (Ir) wires (Figure 1B,C).

Electrochemical Properties. These Pt surfaces were
subsequently tested electrochemically by cyclic voltammetry in
an 80 μM H2O2 solution (−0.2 to 1.0 V versus Ag/AgCl, 100

Figure 1. Surface and electrochemical properties of platinized carbon fibers. Electron microscopy images of (A) a bare 7 μm diameter carbon
fiber (HV, 2 kV; magnitude, 18.7 kx; WD, 8.94 mm) and (B) a carbon fiber with Ti and Pt applied by evaporation (HV, 5 kV; magnitude, 26.9
kx; WD, 9.27 mm). A rough Pt surface is observed in the latter. (C) Representative cyclic voltammograms obtained in 80 μM H2O2/0.01 M PBS
(pH 7.4) under ambient air for a bare carbon fiber (7 μm diameter, blue trace), a platinized carbon fiber (7 μm diameter, red trace), and a
platinum−iridium fiber (75 μm diameter, blue trace). A lower potential for H2O2 oxidation and reduction is observed for the platinized carbon
fiber, as well as a high current density. (D) H2O2 sensitivities of platinized carbon fibers with Cr, Ti, and Al2O3−Cr as adhesion layer, or without
adhesion layer (before PPD functionalization). Bars represent the mean, and x individual microelectrodes.
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mV s−1). The bare carbon fibers yielded very small H2O2
redox currents, with H2O2 oxidation occurring at holding
potentials greater than 0.8 V, and no reduction current
detected in this potential range (Figure 1C). In contrast, the
solid Pt/Ir wires exhibited clear H2O2 oxidation above 0.2 V
and reduction below 0.2 V, consistent with previous
reports.10,14 Cyclic voltammograms obtained for the platinized
carbon fibers showed a similar redox pattern to the solid Pt/Ir
wires, and consistently with the higher H2O2 sensitivity, the
H2O2 redox currents were higher for the former (Figure 1C
and Figure S1).
For platinized carbon fibers, the sensitivities of the resulting

microelectrodes to H2O2 significantly differed depending on
the material used as an adhesion layer (expressed as mean ±
standard deviation in all in vitro experiments: [Pt, 29.4 ± 8.5
nA μM−1 mm−2], [Cr−Pt, 18.0 ± 7.0 nA μM−1 mm−2], [Ti−
Pt, 19.0 ± 6.7 nA μM−1 mm−2], and [Al2O3−Cr−Pt, 49.4 ±
13.1 nA μM−1 mm−2]). Platinized carbon fiber micro-
electrodes exhibited sensitivity to H2O2 that was greater
than that of the solid Pt/Ir wire electrodes (4.37 ± 2.78 nA
μM−1 mm−2; n = 10; one-way ANOVA with Tukey’s posthoc
test, P < 0.0001, F = 67.6, R = 0.732; Figure 1D). In
subsequent experiments, platinized carbon fibers with

sensitivities less than 7 nA μM−1 mm−2 were excluded, and
these represented 17% of the fabricated electrodes.
Therefore, carbon fiber platinization by physical vapor

deposition improved its catalytic activity toward H2O2
oxidation. Pt deposition is a commonly used technique in
the field of biomedical micro-electromechanical systems
(bioMEMs) technology, but it is usually performed with flat
silicon substrates.15 Our results show that, despite their
unusual cylindrical geometry, carbon fibers could be
successfully covered with a uniform Pt layer, and the
sensitivity achieved was similar or better than the sensitivity
exhibited in parallel by commercially available solid Pt wires.

Biofunctionalization. The platinized carbon fibers were
next functionalized with an electropolymerized layer of poly
m-phenylenediamine (PPD) to block nonspecific oxidation of
endogenous molecules such as ascorbic acid or dopamine,16,17

followed by enzyme immobilization using poly(ethylene
glycol) diglycidyl ether (PEGDE) cross-linking (see methods,
Supporting Information). Sensitivity to H2O2 decreased
dramatically after functionalization of the electrodes with
PPD. The platinized carbon fibers with no adhesion layer lost
almost all of their sensitivity to H2O2 (−98.8 ± 0.5%), while
the fibers including an adhesion layer exhibited a 63−92% loss

Figure 2. Biofunctionalization and calibration. (A) H2O2 sensitivities of batches of microelectrodes after PPD functionalization, showing the
dramatic decrease in H2O2 at platinized carbon fibers but not solid Pt/Ir wires. (B) Electronic microscopy image of a small microelectrode
biofunctionalized with a lactate oxidase enzyme and PPD layers (HV, 1 kV; magnitude, 421 x; WD, 19.57 mm). Inset shows an enlargement of
the sensing part of the biosensor with a 12 μm external diameter (HV, 1 kV; magnitude, 1.26 kx; WD, 19.57 mm). (C) Current−concentration
relationship and Michaelis−Menten fit for the lactate biosensor. Inset shows a calibration example with the selectivity test showing no detection
of serotonin (5-HT) and subsequent 0.2 mM steps in lactate concentration in a 0.01 M PBS (pH 7.4) solution. Bars represent the mean, and x
individual microelectrodes; NS, not significant; §, significant difference (one-way ANOVA with Tukey’s posthoc test, P < 0.0001, F = 17.9, R =
0.46).
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in H2O2 sensitivity ([Cr−Pt, 83.3 ± 12.7%], [Ti−Pt, 62.7 ±
17.9%], and [Al2O3−Cr−Pt, 91.7 ± 1.9%]; P < 0.0001, n =
16; Figure 2A). Eventually the Pt deposition procedure with
the highest sensitivity to H2O2 after PPD functionalization
included application of a 15 nm Ti adhesion layer and a 100
nm Pt layer. These fibers only exhibited a 64 ± 17% loss in
sensitivity and a final sensitivity to H2O2 of 6.06 ± 1.72 nA
μM−1 mm−2 (n = 16). This sensitivity was significantly
superior to the other platinization procedures (one-way
ANOVA with Tukey’s posthoc test, P < 0.0001, F = 17.9, R
= 0.460). In contrast, the microelectrodes based on solid
commercial Pt wires did not exhibit a decrease in sensitivity
(+11 ± 22%, P = 0.806, n = 10). H2O2 detection limits after
functionalization with PPD were 10.2 ± 2.9 nM (Ti−Pt
carbon fiber) and 16.7 ± 13.7 nM (solid Pt/Ir, 3 times the
standard deviation of in vitro noise; n = 6). Thus, H2O2
detection after functionalization with PPD did not significantly
differ between the platinized carbon fibers and the commercial
Pt wires (4.67 ± 2.65 nA μM−1 mm−2) (P = 0.118).
Throughout the rest of the study, carbon fibers with a 15

nm Ti adhesion layer and a 100-Pt layer deposited by
evaporation were therefore chosen for their superior electro-

chemical performance. They also exhibited excellent sensitivity
to O2 reduction (0.096 ± 0.026 pA mmHg−1 μM−2), with a
limit of detection of 0.1 ± 0.02 mmHg (n = 5). These
microelectrodes were also tested after 6 months of storage
(room temperature in the dark) and exhibited similar
sensitivity to H2O2 compared to initial tests (before, 16.6 ±
6.2 nA μM−1 mm−2; 6 month, 15.8 ± 8.3 nA μM−1 mm−2;
parametric Student’s t test, n = 17, P = 0.73).
The microelectrodes were further functionalized with

enzyme immobilization, and layers of polyurethane were
added to increase the linear range of the biosensors.18 These
functional layers were approximately 2−3 μm thick, and the
resulting microelectrode biosensors had an average external
diameter of 11−13 μm (Figure 2B). In vitro calibrations
revealed a typical current−concentration relationship that
followed Michaelis−Menten-like kinetics characterized by an
initial linear range and a plateau (e.g., lactate calibration as
shown in Figure 2C). The small glucose biosensors exhibited
a sensitivity of 0.55 ± 0.21 nA μM−1 mm−2, a limit of
detection of 3.08 ± 0.88 μM, and an apparent Km, Km

app, of
4.49 ± 1.28 mM (n = 7). For the lactate biosensors, their
sensitivity was 0.20 ± 0.04 nA μM−1 mm−2, with a limit of

Figure 3. Evaluation of the physiological impact of biosensor implantation. Laser Doppler responses (green traces) and AC (blue traces) and DC
(black traces) electrocorticographic responses to (A) large biosensors with an 80−90 μm outer diameter and (B) small biosensors (n = 3). SD
was evoked by implantation (indicated with a red arrow) of the large biosensor, but not for implantation of the small biosensor. BBB integrity was
assessed with Evans Blue dye 2 h after implantation of (C) a 250 μm diameter commercial optic fiber and (D) a small microelectrode in the
frontal cortex. BBB disruption was observed around the commercial optic fiber (indicated with a white arrow), but not around the small
microelectrode. White scale bar, 0.5 mm.
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detection of 1.16 ± 0.26 μM, and a Km
app of 2.60 ± 1.13 mM.

We also constructed more conventional biosensors composed
of 75 μm diameter commercial solid Pt/Ir wires that had a
final external diameter of 80−90 μm. These larger biosensors
displayed similar Michaelis−Menten kinetics and Km

app values,
yet had slightly lower sensitivities (0.26 ± 0.11 nA μM−1

mm−2 for glucose [P = 0.007, n = 7] and 0.14 ± 0.03 nA
μM−1 mm−2 for lactate [P = 0.01, n = 7]). For O2 detection,
the platinized carbon fiber electrodes were simply coated with
Nafion to protect them from in vivo biofouling. Overall, the
platinized carbon fibers allowed the fabrication of minimally
invasive microelectrode biosensors that were less than 15 μm
in diameter, which is smaller than the average distance
between brain capillaries.19,20

Implantation Impact. When a probe is implanted in the
brain, this can lead to tissue strain, tearing and shearing of the
extracellular matrix, and disruption of cellular processes and
the blood−brain barrier (BBB).3 The immediate effect of
implantation of conventional microelectrode biosensors with
80−90 μm diameter was deformation of the brain surface,
including rupture of the pial surface and parenchyma at the
site of implantation (Video S1). This type of mechanical
stimulation of the brain surface typically leads to cortical SD.
When we performed implantations of our minimally invasive
microelectrode biosensors, we did not provoke any
deformation of the brain surface, and the biosensors entered
the parenchyma smoothly (Video S2). Direct current
electrocorticography and laser Doppler flowmetry were used
to detect SD following implantation in three anesthetized
animals. For the conventional 80−90 μm diameter micro-

electrode biosensors, implantation was followed by a large
depolarization potential that lasted less than a minute. This
response was coupled to a wave of spreading depression of
neuronal activity that lasted approximately 5 min, and to a
hyperemic wave that induced an 85% increase in regional
cerebral blood flow (Figure 3A). In contrast, these neuro-
physiological events were not detected when we implanted
our small microelectrode biosensors, indicating that cortical
SD was not induced (Figure 3A).
For the evaluation of BBB integrity, an intraperitoneal

injection of Evans Blue dye was performed. This dye binds
serum albumin and can diffuse into the brain parenchyma if
the BBB is compromised.21 Because it fluoresces at 680 nm,22

it can be directly observed by fluorescence microscopy (see
methods, Supporting Information). Evans Blue staining
revealed disruption of the BBB around the implantation site
of a commercial 250 μm diameter oxygen sensor (arrow on
bright red stripe, Figure 3C), whereas no staining was
observed at the implantation sites of our small micro-
electrodes (Figure 3D). On the basis of the absence of
gross BBB disruption and SD generation upon implantation of
our minimally invasive microelectrode biosensors, it appears
that these biosensors are less disruptive of brain parenchyma
compared to conventional devices, and this is important for
efficacy of monitoring by these biosensors.

In Vivo Monitoring. Oxygen. Basal partial pressure of
oxygen (PO2) was detected in the cortex of anesthetized rats
by a small microelectrode (platinized carbon fiber) and by a
commercially available optical oxygen probe with an outer
diameter of 250 μm. There was 1−2 mm between the

Figure 4. PO2 monitoring. In vivo monitoring of basal PO2: (A) under 21% and 100% fraction of inspired O2 (FiO2) and (B) during SD
induction in the cortex. PO2 responses to SD are analyzed in two distinct phases that are separated by dashed blue lines. The small
microelectrodes (7 μm diameter; red trace) detected lower PO2 levels (P100% = 0.002, P21% = 0.045, and P100% = 0.001) than the larger
commercial optic fibers (250 μm diameter; black trace). The mean values are represented by a solid line, and SEM is represented with light color
shading. (C) Mean basal PO2 level detected by the two sets of biosensors under 100% and 21% FiO2. (D) Percentage decrease in PO2 during the
initial phase of the PO2 response to SD (phase I). (E) Percentage PO2 recovery from phase I to II (% of initial baseline PO2). (Bars represent the
mean values, and x individual experiments; §, significant difference, P < 0.05.)
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implanted sensors, and measurements were made following a
change in the fraction of inspired oxygen (FiO2) from 100%
(pure oxygen) to 21% (ambient air) and back to 100%
(Figure 4A). The readings of PO2 by the small micro-
electrodes were consistently lower (expressed as mean ±
standard error of the mean in all in vivo experiments: 43.2 ±

0.2, 11.9 ± 0.1, and 34.8 ± 0.3 mmHg, respectively)
compared to those of the larger optic fiber probes (92.3 ±
0.4, 19.8 ± 0.2, and 79.2 ± 0.4 mmHg, respectively). These
measured differences were also significant under all three
conditions (P = 0.002, P = 0.045, and P = 0.001, respectively;
n = 7) (Figure 4C). Moreover, the PO2 values obtained with

Figure 5. In vivo detection of brain glucose and lactate. Parallel detection of glucose with large biosensors (80−90 μm diameter; black trace) and
small biosensors (12−15 μm diameter; red trace) after an intravenous injection of insulin followed by(A1) an injection of 1 mmol of glucose and
(B1) SD induction in the cortex. The inset of part A1 shows glucose slope after the glucose injection. The mean is represented by a solid line, and
SEM is represented with light color shading. (A2) Mean basal extracellular glucose concentrations detected over 5 min prior to the injection of
insulin. (A3) Mean slope of glucose extracellular concentration after the intravenous injection of glucose. (B2) Trough concentration of glucose
after SD induction. (B3) Duration of glucose recovery to 80% of baseline concentration. (C1) Basal levels of lactate detected under conditions of
21% FiO2 and 100% FiO2, and then following induction of SD (the 5 min period of stabilization after changes in FiO2 were made was removed).
(C2) Area under the curve was calculated for 20 min after SD. Significantly smaller concentrations were detected by the small microelectrodes (P
= 0.029). (Bars represent the mean, and x individual experiments; §, significant difference, P < 0.05; NS, not significant.)

ACS Central Science Research Article

DOI: 10.1021/acscentsci.8b00797
ACS Cent. Sci. 2018, 4, 1751−1760

1756

http://dx.doi.org/10.1021/acscentsci.8b00797


the large commercial probes were consistent with those
measured by Ledo et al.23 in freely behaving rats that were
implanted with silicon probes of similar size.
To test the response of our sensors to rapid transient

changes in PO2, we induced SD in the cortex. This
depolarization event induces a multiphasic response which is
initially characterized by a sharp decrease in PO2 (phase I),
which corresponds to the large metabolic demand generated
by depolarization, followed by an increase in PO2 (phase II),
which is related to vasodilation of brain capillaries.24,25 The
initial PO2 decrease (Figure 4B, phase I) was detected as a
sharper change by the small microelectrodes compared with
the optic fiber sensors, with the percent decreases from
baseline to the trough of the response detected as 87.1 ± 4.3%
and 74.8 ± 6.0%, respectively (P = 0.001; n = 7) (Figure 4D).
Then, the recovery of PO2 toward its initial value (phase II)
was detected as being faster and larger with the smaller
probes, with the percent increases in PO2 from baseline
detected as 85.1 ± 9.8% and 54.9 ± 5.9%, respectively (P =
0.003; n = 7; Figure 4E). Finally, PO2 was detected as
returning to its initial baseline level during phase II according
to the smaller probes (98 ± 22% of baseline), whereas PO2
was detected below its initial level when measured by the
larger optic fibers (80 ± 10% of baseline). Thus, the
minimally invasive microelectrodes detected sharper and
larger changes in PO2 in response to SD compared to the
larger probes.
Glucose. Enzyme biosensors prepared from our small

microelectrodes were compared in vivo with larger biosensors
(80−90 μm external diameter) in the detection of glucose and
lactate in anesthetized animals. For glucose detection, (1) the
extracellular concentration of basal glucose, (2) glucose
diffusion across the BBB (Figure 5A1), and (3) rapid
transient changes in glucose level evoked by SD (Figure
5B1) were detected. One hour after the probes were
implanted, both sets of biosensors detected similarly stable
glucose levels in the cortex, although a nonsignificant trend for
detecting lower glucose levels was observed with the small
biosensors (1.62 ± 0.29 mM versus 1.25 ± 0.11 mM,
respectively; P = 0.246; n = 18) (Figure 5A2). Next, the
glucose diffusion rate across the BBB was measured. Briefly,
blood glucose was first lowered by an injection of insulin (50
U kg−1) to 35−40 mg dL−1. Meanwhile, the interstitial level of
brain glucose decreased to 32% of its initial value. A
subsequent intravenous injection of 1 mmol of glucose
evoked a rapid increase in brain interstitial glucose, and the
slope of this increase was detected as 14.8 ± 2.9 μM s−1 by
the large biosensors and 6.50 ± 1.68 μM s−1 by the small
biosensors (P = 0.01; n = 7) (Figure 5A3). We hypothesize
that this faster increase reflects local disruption of the BBB
around the large biosensors, and images from the Evans Blue
staining experiments described above support this hypothesis.
Consistent with previous data,23 a decrease in glucose in

response to SD was detected by the small biosensors and the
larger glucose biosensors. However, the minimal glucose
extracellular concentration detected after SD induction by the
small biosensors was lower than that detected by larger ones
(135 ± 65 μM versus 293 ± 52 μM, respectively; P = 0.042; n
= 7) (Figure 5B2). Furthermore, the time for glucose to
return to 80% of its baseline level was 518 ± 72 s according to
the small biosensors and 392 ± 54 s according to the large
biosensors (P = 0.017; n = 7) (Figure 5B3). Thus, detection

of glucose changes in response to SD differed considerably
between the implanted small and large biosensors.

Lactate. In addition to glucose, lactate is an important
brain metabolite for neurons and glial cells. Levels of
extracellular lactate in the brain were monitored with small
and large enzyme biosensors that incorporated lactate oxidase.
As described above, the two sets of biosensors were implanted
in vivo 1−2 mm apart. Changes in extracellular lactate were
induced by changes in FiO2

26 and SD. The small biosensors
consistently detected a lower lactate concentration: 1.24 ±
0.37 mM versus 2.11 ± 0.85 mM at 100% FiO2, 2.02 ± 0.60
mM versus 2.78 ± 0.98 mM at 21% FiO2, and 1.25 ± 0.24
mM versus 1.96 ± 0.36 mM upon return to 100% FiO2,
respectively, in each case (Figure 5C1). Moreover, the
differences were statistically significant for the original 100%
FiO2 condition and the return to 100% FiO2 (P = 0.049, P =
0.013, respectively; n = 7), yet not for the 21% FiO2 condition
(P = 0.156; n = 7).
Smaller changes in the extracellular concentration of lactate

evoked by SD were also measured with the small biosensors.
SD consistently evoked a wave of increased lactate
concentration in the interstitial fluid, consistent with a
previous study.13 The peak lactate concentration and the
duration of the increase were not significantly different
between large and small biosensors (the maximum lactate
increase with conventional biosensors was 10.7 ± 3.8 mM and
10.1 ± 4.1 mM with small biosensors [P = 0.901], and the
duration of the increase defined as the time to return to 140%
of the baseline lactate concentration was 13.5 ± 2.5 min and
10.1 ± 4.8 min, respectively [P = 0.118]). However, the area
under the curve was significantly smaller for the small
biosensors, 2.63 ± 0.57 M.s versus 4.34 ± 0.83 M.s for the
larger sensors (P = 0.03; n = 7) (Figure 5C2). Thus,
monitoring lactate with the minimally invasive microelectrode
biosensors resulted in different estimations of lactate
concentration compared to the larger devices.
Therefore, the small size of the minimally invasive

microelectrode biosensors represented a significant improve-
ment in the ability of microelectrodes to detect interstitial
fluid components in the brain, which can be summarized as
follows: (1) Probe implantation could be performed without
inducing gross tissue deformation or generating cortical SD.
(2) The BBB did not exhibit Evans Blue leakage to the brain
parenchyma, and glucose diffusion through the BBB was
slower, consistent with maintenance of intact blood vessels in
proximity of the implanted probes. (3) Basal brain tissue PO2
and the extracellular concentration of lactate were decreased.
(4) Transient neurochemical changes evoked by SD according
to the smaller biosensors included reduced lactate release, a
greater decrease in glucose level, and larger and faster changes
in PO2.
First-generation oxidase-based microelectrode biosensors,

like the ones described here, are dependent on ambient O2 to
catalyze the oxidation of an enzyme substrate and, hence, to
detect the molecule of interest. The presence of lower
ambient O2 around small microelectrode biosensors could
raise the possibility of O2 becoming a limiting factor for
biosensor functioning, and this could invalidate the concen-
tration estimates provided by these devices. This possibility
seems unlikely for our biosensors because during SDs, (1)
lactate increased while PO2 decreased, and (2) PO2 decreased
over 3 min versus over more than 6 min for glucose.
Therefore, lactate and glucose concentration changes appear
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to be uncoupled from PO2 changes, and this supports the
dependence of our biosensors on the enzyme substrates,
glucose and lactate, rather than ambient O2.
Overall, the present results support the view that larger

probes (e.g., those 80−250 μm in diameter) induce vascular
and parenchymal injuries, increase glucose permeability, and
are subsequently and rapidly surrounded by a layer of
compromised nervous tissue. In addition, decreased O2
consumption and detection of a higher PO2 characterize
larger oxygen probes. As a result, the interstitial concen-
trations of neurochemicals in proximity of these larger probes
are potentially altered. In contrast, a more intact BBB
(indicated with Evans Blue staining) and a slower glucose
diffusion rate were observed in proximity of our small
microelectrode biosensors. When Ledo et al. implanted a
triangular-shaped silicon probe to measure PO2 in the
hippocampus, striatum, and cortex of rats, higher values
were obtained in more superficial brain areas in which the
probe was wider (e.g., in the cortex, hippocampus area CA1)
compared with deeper areas in which O2 was detected with
the tip of the probe (e.g., in the dentate gyrus). These results
support the hypothesis that a layer of compromised brain
tissue is present along the shaft of larger probes, and O2 is
able to diffuse within this tissue to contribute to the detection
of larger PO2 values. Additionally, faster glucose dynamics, as
well as a wider range of glucose variations evoked by SD, are
consistent with a layer of inactive cells acting as a low pass
filter in the detection of changes in glucose concentration.
The higher extracellular concentrations of lactate detected by
the larger probes may also reflect the initial stages of an
inflammatory reaction toward cells and blood vessels that are
injured during implantation. An elevated lactate concentration
in the brain has often been associated with brain
inflammation, including inflammation induced by AIDS
encephalopathy,27 Leigh syndrome,28 and inflammatory CNS
demyelination.29 Other laboratories have demonstrated that a
layer of compromised brain tissue exists around microdialysis
probes and microfabricated silicon probes. For example, 200−
500 μm diameter brain microdialysis probes are typically
surrounded by compromised tissue, and this impairs
dopamine release and the detection of accurate dopamine
concentrations.30,31 In an ultrastructural analysis of brain
tissue surrounding a microdialysis probe, neuronal cell death
was observed up to 400 μm away from the probe, while tissue
disruption including swollen axons and degenerating cell
bodies were observed up to 1.2 mm away from the probe.32

Interleukins, a hallmark of brain tissue inflammation, have also
been found to be elevated near microdialysis probes.33

Meanwhile, similar compromise of brain tissue has been
described following the implantation of silicon probes for
multisite electrophysiological recordings.34,35

Primary injuries that are produced upon brain implantation
are believed to be key determinants in the induction of a
foreign-body response. This response is initiated by injury to
brain capillaries, and it leads to the diffusion of plasma
albumin and monocytes to the surface of the implanted
device. Eventually, a collagen capsule forms around the probe
a few days after implantation.3 Here, our small micro-
electrodes had an outer diameter of less than 15 μm, which is
the average distance between brain capillaries.8,20 Thus, this
size threshold is considered important to avoid major
disruption to the brain parenchyma. Vascular injury is an
initial trigger of the foreign-body reaction. Therefore, by

reducing vascular disruption it is hypothesized that this
foreign-body response could be minimized, and long-term
implantation can be achieved. Therefore, it would be of great
interest to evaluate the ability of our small microelectrode
biosensors to be maintained over several days or longer in
vivo. Interestingly, carbon fiber microelectrodes have been
shown to provide reliable detection of dopamine after several
weeks of implantation in vivo.36,37 These results support the
hypothesis that small implanted devices achieve greater
biocompatibility and longer operational longevity in vivo.
In this study, we demonstrated that carbon fiber

platinization by physical vapor deposition and subsequent
enzyme functionalization can extend the application range of
carbon fiber microelectrodes to nonredox molecules, thereby
providing minimally invasive microelectrode biosensors less
than 15 μm in diameter. We believe these new devices
represent a significant advance for neurochemical analyses of
brain interstitial fluid and that they will provide improved
accuracy in future in vivo brain monitoring studies.
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